INTRODUCTION 62
Klebsiella pneumoniae (Kp) is one of the leading causes of multidrug resistant (MDR) 63 healthcare-acquired infections, with increasing rates of resistance to carbapenems and other last 64 resort antibiotics being reported (1, 2) . Furthermore, Kp is also an important agent of severe 65 community-acquired infections (so-called 'hypervirulent' strains) in healthy persons (3), with 66 recent worrisome reports of convergence between hypervirulent and MDR phenotypes (1, 4) . Kp 67 is recognized as a colonizer of the throat and the intestinal tract of humans and animals (5-7). 68
The main sources of human exposure to Kp are not well defined. Previous studies 69 highlighted the large distribution of Kp in outdoor environments, including water, sewage, soil 70 and plants (8) (9) (10) (11) (12) (13) . Animal and human food, particularly retail meat or salad may also be 71 contaminated (6, 14, 15) . Many studies suggest that food, water and/or environmental exposure 72 may be associated with virulent and/or antibiotic resistant Kp to humans (13, 14, 16, 17) . 73
However, little is known on the relative contribution of these different sources of transmission. 74
Although such information is a prerequisite to control efficiently transmission routes and reduce 75 exposure, the ecology of Kp is currently poorly understood. 76
The systematics of Kp has been refined through recent taxonomic updates, which 77 highlighted the existence of seven phylogroups (Kp1 to Kp7), corresponding to distinct taxa, 78
within Klebsiella pneumoniae sensu lato. The K. pneumoniae species complex includes 5 79 different species: K. pneumoniae sensu stricto (phylogroup Kp1), K. quasipneumoniae [subsp. 80 quasipneumoniae (Kp2) and subsp. similipneumoniae (Kp4)], K. variicola [subsp. variicola 81 (Kp3) and subsp. tropica (Kp5)], 'K. quasivariicola' (Kp6) and K. africana (Kp7) (8, (18) (19) (20) . 82
Most of these taxa are still often misidentified as "K. pneumoniae" or "K. variicola" due to the 83 unsuitability of traditional clinical microbiology methods to distinguish among members of the 84 Kp complex. Henceforth, we will use the 'Kp' abbreviation to refer collectively to the seven taxa 85 5 of the K. pneumoniae species complex, and will reserve 'K. pneumoniae' for K. pneumoniae 86 sensu stricto (i.e., phylogroup Kp1). As all Kp are potentially pathogenic for humans and animals 87 and can share acquired resistance and virulence genes, it is important that the seven taxa be 88 considered together when investigating the routes of transmission and ecology of Kp. 89 Detection of Kp is not well integrated in food or environmental microbiological surveillance 90 programs and there is a general lack of tools and procedures for its detection and quantification. 91
Culture-based laboratory methods used for the detection of microorganisms in complex matrices 92 are time consuming and have a low throughput. Moreover, Kp culture methods have not been 93 validated so far for food safety screening. Some molecular methods (without need of sequencing) 94 have been proposed over the years for the rapid detection of Kp (21-25). They target the 16S-23S 95 rRNA internal transcribed spacer sequence (ITS) (21), coding sequences of tyrB (25), khe (24, 96 26), chromosomal beta-lactamase (bla) genes (27, 28) or other molecular targets (22). Some of 97 these targets are described as able to detect the Kp complex (21), while others were designed for 98 specific members of the Kp complex, such as Kp1 and Kp3 (22, 23). 99
Real-time PCR is a powerful approach for the rapid detection and quantification of micro-100 organisms in complex matrices (29). This approach presents multiple advantages including easy 101 standardization and high throughput. The aims of this work were (i) To define the phylogenetic 102 distribution of previously proposed molecular targets for Kp The bacterial DNA was extracted according to a homemade protocol. One ml of the 24h bacterial 122 culture was centrifuged (7000 g, 10 min, 4°C), the pellet washed with sterile water and suspended 123 in 800 µl Tris (50 mM, pH 8) in which 10 µl EDTA (500 mM, pH 8), 115 µl lysozyme (10 124 mg/ml, incubation 37°C, 30 min), 57 µl SDS 20% (incubation 65°C, 15 min), 5 µl RNAse (10 125 mg/ml, incubation 37°C, 30 min) and 23 µl proteinase K (6 mg/ml, incubation 37°C, 1h30) were 126 added. Finally, a 1:1 volume of chloroform/ isoamyl alcohol (25/24/1) was added. The 127 suspension was shaken 3 min at 15 rpm, then centrifuged 3 min at 20 000 g. The supernatant was 128 transferred in a new tube and a 1:1 volume of chloroform/ isoamyl alcohol (24/1) was added. 129
After shaking (3 min, 25 rpm) and centrifugation (3 min, 20 000 g), this step was repeated once. 130
After transfer of the supernatant in a new tube, a 1:10 volume of NaCl (5 M) was added (shaking 131 7 1 min, 15 rpm). Finally, a 1:1 volume of isopropanol (shaking 3 min, 15 rpm) was added. 132 Precipitated DNA filaments were collected with a glass Pasteur pipette and transferred in 400 µl 133 frozen ethanol (70%). After shaking 3 min at 15 rpm, DNA filaments were collected, dried at 134 room temperature and finally dissolved in 100 µl TE (pH 8). DNA concentration was estimated 135 using NanoDrop 2000 Spectrophotometer (ThermoFischer Scientific, USA) and adjusted at 20 136 ng/µl. Purified DNA was stored at -20°C. 137
A simpler protocol was implemented for the PCR specificity assay and validation study. Bacteria 138 grown in TSB or enrichment medium were centrifuged 5 min at 13 000 g. Pellets were suspended 139 in 200 µl of Tris HCl (5 mM pH 8.2) supplemented with 13 µl of Proteinase K (1 mg/ml). After 2 140 h incubation at 55 °C, Proteinase K was inactivated during 10 min boiling. Cell debris were 141 discarded by centrifugation (5 min at 13 000 g) and the supernatant was stored at -20°C before 142 use for real-time PCR. Sensitivity was defined as the proportion of target organisms expected to be amplified by the 166 target assay. A phylogenetic tree was constructed (33) and the output was visualized using iTOL 167 (https://itol.embl.de/; Figure S1 ). August and 34 in September) in Auxonne (Burgundy, France) were analysed for Kp presence 212 using the ZKIR assay and culture methods in parallel. Samples corresponded to bulk soils (n=32), 213 roots (31), leaves (29) and irrigation water (4) and were processed in the lab within 24 hours after 214 sampling. Ten g of soil were weighed in 180 ml pots (Dutscher, France). Plant leaves and roots 215 were properly cut, cleaned with sterile water and transferred in 180 ml pots. Processed samples 216 were suspended in 90 ml of lysogeny broth (LB, 5 g of NaCl, 5 g of yeast extract and 10 g of 217
Tryptone for a 1 l final volume) supplemented with ampicillin (10 mg/l, ampicillin sodium salt, 218
Sigma Aldrich). Five hundred millilitres of water samples were filtered through a 0.25 µm 219 membrane (Millipore, France). The membrane was incubated in 20 ml of LB supplemented with 220 ampicillin as described above. After 24 h of incubation at 30 °C, enrichments were vortexed and 221 500 µl aliquots were centrifuged (5 min at 5800 × g) and washed with sterile water. The pellet 222 was suspended in 500 µl of sterile water and boiled for 10 min. Boiled enrichments were ten-fold 223 diluted (1:10 and 1:100) and the dilutions were used as template for real-time PCR. 224 11 In parallel, enrichments were serially diluted (1:10 to 1:10 000) in sterile water before plating on 225 heavy metal tolerance genes, and to predict capsular types. PlasmidFinder was used to look for 237 plasmid replicons (https://cge.cbs.dtu.dk/services/PlasmidFinder/). To construct the tree based on 238 nif cluster genes (Figure S2) , the DNA region between nifQ and nifJ genes was extracted from 239 the nif carrying strains and from a set of reference strains carrying this cluster (36). Sequences 240 were aligned with MUSCLE, and IQ-TREE (http://iqtree.cibiv.univie.ac.at) was used to 241 reconstruct the maximum likelihood phylogeny using the HKY+I+F+G4 model. 242
243

Determination of the limit of detection of the ZKIR assay in artificially spiked soils 244
Two soils with contrasted edaphic characteristics (Sandy soil A; clay soil V) and free of 245 indigenous Kp, according to the above procedure, were used. A bacterial suspension of 246 K. pneumoniae ATCC13883 T was serially diluted in sterile water and dilutions were enumerated 247 on TSA plates. Five grams aliquots of each soil were spiked with these decreasing Kp dilutions. 248 12 Soil samples were prepared in triplicates with three independently grown inoculums at 4 dilutions 249 (36 spiked microcosms for each soil). Negative controls were prepared by adding the same 250 volume of sterile water (3 microcosms for each soil). All 78 spiked and control soil microcosms 251 were enriched for 24 h at 30 °C in 45 ml of LB supplemented with ampicillin (10 mg/l, Sigma 252 Aldrich). Five hundred µl aliquots of enrichment broth were sampled before and after the 24-h 253 enrichment step, centrifuged 5 min at 5800 g and washed with sterile water. The pellet was 254 suspended in 500 µl of sterile water and boiled for 10 min. Boiled enrichments were serially ten-255 fold diluted (1:10 to 1:100 000) and the diluted suspensions were used for real-time PCR. 256 Moreover, metagenomic DNA was extracted from spiked soils as described above in 'Soil DNA 257 extraction' paragraph. 
RESULTS 266
Revisiting the phylogenetic distribution of proposed molecular targets for Kp detection 267
Fourteen molecular targets were found in the literature ( Figure S1 ; Table S2 )(21-27, 37). Four of 268 them were proposed to detect the Kp complex, while others were designed for specific members 269 of this complex (K. pneumoniae, K. variicola or K. quasipneumoniae; Table S2 ). Mapping of the 270 presence/absence of the sequence region expected to be amplified by the primers was performed 271 across Klebsiella phylogenetic diversity (Figure S1) . Regarding the targets proposed for the 272 entire Kp complex, this in-silico analysis revealed that only khe and tyrB (24, 25) presented both 273 a high sensitivity and a high specificity. We further analysed in silico the primers target sites for 274 these two genes using primer-blast. The results showed that khe primers would be expected to 275 amplify the same region in Raoultella spp. (77 bp, with a sequence identity of the homologous 276 region < 80%, hence not visible on Figure S1 ), as well as an additional region (348 bp) in these 277 organisms. Furthermore, tyrB primers also appear to be able to amplify the target region in 278 K. aerogenes and Raoultella spp., consistent with the distribution of the target region ( Figure  279   S1 ). Regarding the targets that were proposed to be specific for Kp1, target KpI50233a (23) 280 proved to be the most specific and sensitive one (although with ability to also amplify 281 K. aerogenes isolates), whereas the ones proposed for Kp3 (22) appeared unspecific or to lack 282 sensitivity in our in silico analysis (Figure S1) . Regarding the targeted chromosomal class A 283 beta-lactamases -bla SHV, bla OKP and bla LEN (27), there appeared to be a lack of specificity 284 ( Figure S1 ), but this is explained by the high degree of sequence identity between these bla 285 genes, even though they represent distinct targets. In silico, bla OKP and bla LEN primers were 286 specific for Kp2/Kp4 and Kp3/Kp5, respectively. However, proposed bla SHV primers (27) 287 appeared to lack specificity and/or sensitivity and also amplified taxa outside the Kp complex 288 (such as E. coli or Salmonella spp.) 289 14 
290
ZKIR primers design, PCR assay development and optimization 291
The tyrB and khe genes were previously proposed as targets for the specific detection of Kp (24, 292 38). As shown above, tyrB and khe targets were not totally specific for the Kp complex. We 293 therefore attempted to define primers within the coding sequence of these genes but external to 294 the previously proposed target fragments. However, high identity was observed with non-Kp 295 complex species when blasting the entire coding sequence (data not shown). Consequently, Kp 296 complex-specific primers could not be designed within the coding sequence of these two genes. 297
Interestingly, investigation of sequences upstream of khe did reveal a sequence that was highly 298 conserved within the Kp complex. This region located in the intergenic region (IR) upstream of 299 khe is partly deleted in other species such as K. oxytoca and Raoultella spp. As this 249 bp non-300 coding IR is located between zur (zinc uptake regulator) and khe (annotated as a putative 301 hemolysin) genes (Figure 1) , it was named ZKIR for zur-khe intergenic region. 302 A pair of primers (ZKIR_F and ZKIR_R, Figure 1 ) targeting the ZKIR region was designed and 303 tested in silico. When implemented in the SYBR green PCR assay using reference strain ATCC 304 700603 (known as K. pneumoniae, but belonging in fact to K. quasipneumoniae subsp. 305 similipneumoniae), these primers successfully amplified a 78 bp sequence, with a melting 306 temperature of 80.3 °C. Sequencing of PCR products confirmed amplification of the target 307 sequence. 308
The sensitivity and specificity of the primers were experimentally tested on 2 ng of purified DNA 309 of representatives of Kp phylogroups Kp1 to Kp7 (Table 1) In order to assess the performance of the ZKIR assay for detection of Kp directly from soil 330 samples, two soils (A and V) were spiked with bacterial concentrations ranging from 1.5 × 10 -1 331 cfu/g to 1.5 × 10 4 cfu/g. When soil samples were enriched in LB for 24 h and processed as 332 described above, Kp was detected in all spiked microcosms except in two out of the 3 333 microcosms of soil A inoculated with the lowest Kp concentration. When the soil/LB suspension 334 was tested prior to incubation, Kp was not detected in any of the spiked microcosms of soil V, 335 whereas in soil A, Kp could only be detected at the highest concentration (1.5 × 10 4 cfu/g). 336
Finally, when the ZKIR assay was performed using purified metagenomic DNA from soil, 337 16 positive results were only observed in microcosms spiked with 1.5 × 10 4 and 1.5 × 10 3 cfu/g in 338 both soils, whereas no positive signal was observed at lower concentrations. The enrichment step 339 thus appeared critical to reach high sensitivity. Genomic characterization of 31 of these isolates (1 was contaminated and 5 were not yet 353 available) revealed a dominance of Kp1 (n= 20, 65%), followed by Kp3 (n=10, 32%) and Kp4 354 (n=1, 3%; Table S3 ). Population diversity analysis based on MLST (39) and cgMLST (23) 355 revealed a high genotypic diversity, with 23 STs and 25 cgMLST types. In five cases, the strain 356 detected in the soil was the same as the one present in the leaves and/or roots (e.g., SB6439 and 357 SB6440; Table S3 ), showing colonization of several plant sites by the same strain. Only 2 isolates 358 belonging to STs commonly found in the clinical settings were detected (ST37 and ST76). 359
Interestingly, from the predicted O-types, the O3-type represented 50% of Kp population, which 360 contrasts with the nosocomial situation, where types O1 and O2 are dominant (2, 40), but not 361 17 with human carriage where the O3-type is also dominant (O3-31%, O1-19% and O2-17%; our 362 unpublished results). Also contrasting with the clinical epidemiology of Kp, a low level of 363 antibiotic resistance and virulence genes was observed, with 93.5% of the strains presenting an 364 ancestral 'wild-type' susceptibility genotype (Table S3 ). The number of strains harboring 365 plasmids detected in these environmental samples was also low (n=9, 29%), as well as the 366 number of plasmid-encoded heavy metal tolerance genes (mainly the silver and copper tolerance 367 clusters). These results contrast with clinical and animal isolates, where plasmids and metal 368 tolerance clusters are common (42, Rodrigues, unpublished results). As expected (1, 36) , all Kp3 369 isolates harbored the nif cluster responsible for nitrogen fixation. Interestingly, the nif cluster was 370 also present in one Kp1 isolate from soil (SB6181). The phylogenetic analysis (Figure S2) habitats in which Kp strives, and the routes of transmission to humans, for example through 383 specific types of food, is critical in order to limit exposure. In this prospect, large-scale sampling 384 is needed to define the sources of Kp contamination and such surveys will require sensitive, 385 reliable and cost-efficient detection methods. 386
Several molecular assays for the detection and/or identification of Klebsiella from clinical or food 387 and environmental samples have been previously proposed. These methods allow detecting 388 mainly K. pneumoniae (sensu stricto) and K. variicola ( Figure S1 ). However, the Kp complex 389 currently encompasses 7 taxa. Our in-silico analyses showed that some previously described PCR 390 assays could be useful for the identification of phylogenetic subsets of the Kp complex 391 (Kp150233a for Kp1, bla OKP for Kp2/Kp4 and bla LEN for Kp3/Kp5). 392
393
Given that all members of the Kp complex can cause infections in humans or animals, developing 394 a novel method with the ability to detect the Kp complex by targeting exhaustively all currently 395 known Kp phylogroups would be an important advance. Although several previous targets were 396 designed for the entire Kp complex, they predate recent taxonomic advances and have therefore 397 not been validated on the entire phylogenetic breadth of this bacterial group. Here, we found by 398
in-silico approaches that khe and tyrB assays lack specificity, which may negatively affect Kp 399 19 detection efforts especially when testing microbiologically complex samples from the 400 environment, such as soil. 401
We therefore aimed to develop a novel real-time PCR assay, and used an intergenic region 402 located adjacent to the previously proposed target gene khe. Using well-defined reference strains 403 representative of current taxonomy (20, 31, 32), we show that the novel ZKIR PCR real-time 404 assay allows the accurate detection of all members of the Kp complex. We found complete 405 specificity and sensitivity (i.e., phylogenetic coverage) of this assay based on our reference 406 strains panel. To improve analytical sensitivity, a 24 h enrichment culture followed by an easy, 407 fast and cost-effective sample processing was implemented, upstream of molecular detection 408 using the ZKIR assay. This was necessary for complex matrices such as soil or sewage, where 409 microbial diversity and abundance are high, in which case direct detection of one particular group 410 of organisms, which might be present only at low abundance, is challenging. This procedure 411 turned out to be sensitive enough to detect 1 single Kp bacterium in 5 g of soil. The ZKIR assay 412 also appeared slightly more sensitive than the SCAI culture-based method, itself previously 413 shown to be highly sensitive and to recover most Kp members (35, 44). Therefore, this fast and 414 easy novel molecular method represents a powerful approach for screening large numbers of 415 samples. This will spare the time-consuming handling of numerous presumptive colonies 416 necessary for confirmation of their identification, given that K. oxytoca, Raoultella, Serratia and 417 In conclusion, the ZKIR assay is a new tool for Kp detection that is highly specific, sensitive, 442 reliable and cost-effective. To accelerate uptake of this method, the corresponding protocol was 443 released publicly on protocols.io (dx.doi.org/10.17504/protocols.io.7n6hmhe). This simple 444 method can easily be implemented in laboratories equipped with real-time PCR thermocyclers 445 (MedVetKlebs consortium, unpublished results). Using the ZKIR method after a short culture 446 21 enrichment step greatly enhances sensitivity. As this rapid screen of samples allows one to focus 447 only on ZKIR positive samples for more labour-intensive downstream microbiological isolation 448 and characterization, it is our hope that it will contribute to advance knowledge on the biology of 449 environmental Kp and on the reservoirs and transmission routes of this increasingly important 450 group of pathogens. 
